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Purpose: Greater visual contrast between calculi and tissue would improve ultrasound (US) 
imaging of urolithiasis and potentially expand clinical use. The color Doppler twinkling 
artifact (TA) has been suggested to provide enhanced contrast of stones compared with 
brightness mode (B-mode) imaging, but results are variable.  This work provides the first 
quantitative measure of stone contrast in humans for B-mode and color Doppler mode, 
forming the basis to improve US for the detection of stones.  
Materials and Methods:  Using a research ultrasound system, B-mode imaging was tuned 
for detecting stones by applying a single transmit angle and reduced signal compression. 
Stone twinkling with color Doppler was tuned by using low frequency transmit pulses, 
longer pulse durations, and a high pulse repetition frequency. Data were captured from 32 
subjects, with 297 B-mode and Doppler images analyzed from 21 subjects exhibiting 
twinkling signals. The signal to clutter ratio (i.e. stone to background tissue) (SCR) was used 
to compare the contrast of a stone on B-mode with color Doppler, and the contrast 
between stone twinkling and blood flow signals within the kidney. 
Results: The stone was the brightest object in only 54% of B-mode images and 100% of 
Doppler images containing stone twinkling.  On average, stones were isoechoic with the 
tissue clutter on B-mode (SCR=0 dB).  Stone twinkling averaged 37 times greater contrast 
than B-mode (16 dB, p<0.0001) and 3.5 times greater contrast than blood flow signals (5.5 
dB, p=0.088).     
Conclusions: This study provides the first quantitative measure of US stone to tissue 
contrast in humans.  Stone twinkling contrast is significantly greater than the contrast of a 
stone on B-mode. There was also a trend of stone twinkling signals having greater contrast 
than blood flow signals in the kidney.  Dedicated optimization of B-mode and color 


































































































































































































































































































































There is incentive to use ultrasound (US) for imaging urinary stones, because of its 
low-cost, availability, and non-ionizing nature.  Smith-Bindman et al. showed US could be 
used in place of computed tomography (CT) for the initial diagnosis of acute kidney stone 
events.1 However, reported sensitivity and specificity of US for stone detection is lower 
than that of CT,2-5 and potentially insufficient for clinical treatment planning.6  B-mode 
imaging is the most common modality used for detecting kidney stones with US.  B-mode 
imaging though is optimized to assess subtle contrast differences in soft tissues. As such, 
stones can appear with similar grayscale intensity to the surrounding tissue.  In addition, 
other bright objects that are not stones can be observed within the kidney. 
The twinkling artifact (TA) has been suggested to improve kidney stone detection.7-
15  The signal consists of rapidly changing colors observed in the vicinity of a stone (stone 
twinkling) when operating in color Doppler mode.16  The presence of twinkling is used to 
confirm that a hyperechoic region on B-mode is a kidney stone.  Because the modality is 
not designed for stone detection, it lacks clinical sensitivity and specificity as a stand-alone 
diagnostic tool, and is referred to as an artifact.  Furthermore, color Doppler signals not 
associated with a stone, (e.g. blood flow or tissue motion), can resemble stone twinkling, 
leading to false-positives.17-18  The presence of stone twinkling is also considered 
dependent on the operator, US system, and system settings.19-20  Since the goal of this 
work was to enhance stone twinkling, it is considered a true signal and not an artifact. 
Shabana et al. compared the sensitivity of the stone twinkling signal in detecting 
stones to the acoustic shadow in an in vitro model, and found stone twinkling to 
significantly increase the contrast of stones to the background.21  We report in this study 
the first quantitative measure of stone B-mode and stone twinkling signals and their 
contrast in humans.  The power of the color Doppler signal was used to represent stone 


































































































































































































































































































































Materials and Methods 
This was a prospective study of kidney stone patients presenting to the University 
of Washington, Department of Urology, from January 2015 through March of 2016.  
Institutional Review Board approval and written consent by each patient was obtained.   
Patient Population 
Inclusion criterion was at least one renal calculus visible on a CT scan performed 
within 100 days of the US visit. Individuals with ureteral stents or who were under 18 years 
of age were excluded from this study.   
Ultrasound System 
US imaging was conducted using a research instrument (V-1, Verasonics, Inc., 
Redmond, WA, USA) and C5-2 curvilinear imaging probe (Philips Ultrasound, Bothell, WA, 
USA).  The research system allowed for the collection of unprocessed frames of data for 
offline analysis.  A custom software interface was implemented, with B-mode and color 
Doppler settings adjusted for the detection of renal calculi.   
Scanning Protocol 
 An experienced sonographer used CT images and interpretation from the urologist 
to confirm US stone detection. With the stone located anywhere within the image frame, 
the subject was asked to perform a brief breath hold.  The sonographer would adjust the 
probe to optimize the image and then six consecutive B-mode grayscale frames and six 
color Doppler frames were captured simultaneously.  This process was repeated for each 
stone.   
Post-Processing 
An illustrative flow chart of the post-processing steps is presented in Figure 1.  For 
each frame, in-phase and quadrature-phase (IQ) data were processed for B-mode and 
color Doppler and displayed in separate images.  The power of the color Doppler signal 
was calculated, not the directional color Doppler velocity estimate commonly used.  A 
square region of interest (ROI) (2.5 mm x 2.5 mm, or 15 pixels by 15 pixels) was positioned 
around the brightest region on the Doppler image (signal).  The same ROI was placed in 
































































































































































































































































































































positioned around the brightest non-stone region in the B-mode image (background 
clutter) and in the same location in the Doppler image.  The mean Doppler power and B-
mode intensity within each ROI were then calculated for every frame. 
Signal to Clutter Ratio:  Contrast was measured as the ratio of the signal (stone or blood 
flow) to the clutter (background tissue) (SCR).22-25  The results are presented in decibels 
(dB) to compare data of significantly different magnitudes.  For example, 3 dB means the 
signal has twice the power of the clutter. Zero dB indicates the signal and clutter are equal. 
A negative dB value means the signal is weaker than the clutter or background reference 
signal.   
Three SCRs were calculated based upon the signal type.  Specifically, the SCR for a 
stone in B-mode is defined as: 
 ܵܥܴ஻௠௢ௗ௘ = 10 ∗ logଵ଴ (ܴܱܫ௦௧௢௡௘ ܴܱܫ௧௜௦௦௨௘)⁄  ,   (1) 
where ROIstone and ROItissue are the mean of the precompressed B-mode intensity (which is 
derived from the square of the B-mode amplitude and is directly proportional to power) 
within the ROI of the stone and nearby bright tissue.  The SCR for the stone twinkling signal 
is defined as 
ܵܥܴ௧௪௜௡௞௟௜௡௚ = 10 ∗ logଵ଴ (ܴܱܫ௦௧௢௡௘ ܴܱܫ௧௜௦௦௨௘)⁄  ,   (2) 
where ROIstone and ROItissue are the mean of the color Doppler power within the ROI of the 
stone and nearby bright tissue.  The SCR calculated for the blood flow signal of the peak 
renal flow is defined as: 
ܵܥܴ஻௟௢௢ௗ = 10 ∗ logଵ଴ (ܴܱܫ஻௟௢௢ௗ ܴܱܫ௧௜௦௦௨௘)⁄  ,   (3) 
where ROIBlood and ROItissue are the mean of the color Doppler power within the ROI of the 
blood flow and nearby bright tissue. 
Statistics:  Stone twinkling and blood flow SCR results were skewed, and therefore, the 
median (rather than mean) was used to represent the average summary statistic.  P-values 
for the comparison between SCR medians were calculated using a mixed effects model 
































































































































































































































































































































Imaging for Stone Detection  
B-mode Imaging:  The algorithm for generating the B-mode image was similar to that of a 
commercial ultrasound system with three main differences.26 First, the upper part of the 
transducer’s frequency response (4.5 MHz) was used in a fundamental mode, not 
harmonic mode. Second, images were reconstructed with minimal image processing (e.g. 
no speckle reduction or edge enhancement) commonly employed on commercial systems. 
In addition, a single transmit angle was utilized. Multiple transmit angles (spatial 
compound imaging), often used to reduce speckle noise and improve soft tissue contrast, 
can blur bright objects and hinder visualization of the posterior acoustic shadow.21  Third, 
the backscattered US signal was converted to a grayscale intensity map using power 
compression rather than traditional logarithmic (log) compression.  Figure 2 illustrates how 
the power compression maintains more contrast between a stone and background tissue.  
Doppler Imaging:  Doppler transmit pulse parameters were based on previous studies for 
enhancing stone detection.27,28 These enhancements included reducing the transmit 
frequency to 2.3 MHz and increasing burst length to 7.5 cycles per pulse.  The ensemble 
length, or number of Doppler pulses used, was 9 for each frame.  Plane wave Doppler was 
used instead of conventional focused raylines to allow for a broad imaging field without 
compromising frame rate.29  In this study, the Doppler “box” extended over the entire 
depth along a centered sector overlapping 50% of the B-mode image.  The pulse repetition 
frequency (PRF) was set to 4 kHz to minimize motion artifact and lower velocity blood flow 
signals, while still allowing for a maximum imaging depth of 15 cm.  A quadratic regression 
filter was used to further remove motion artifact and low velocity blood flow signals.   
 
Results 
A total of 32 subjects and 744 frames of US data (124 sets x 6 frames each) were 
captured for this study.  The patient demographics are listed in Table 1.  Each Doppler 
frame was visually inspected for evidence of twinkling.  Since the focus of this paper was 
quantifying the Doppler twinkle power, frames were excluded that did not show twinkling, 
































































































































































































































































































































Lastly, CT images and US videos were used to identify frames having twinkling signals 
associated with a stone (166 frames) and twinkling signals not associated with a stone (131 
frames).     
The distribution of the signal to clutter ratio for B-mode intensity (SCRBmode) and the 
Doppler twinkling power associated with a stone (SCRtwinkling) is presented in Figure 3.  The 
median SCR for B-mode was 0.8 dB.  This means that, on average, the stone was equal in 
B-mode intensity to the nearby bright non-stone object.  In 46% of the cases, the stone B-
mode intensity was less than the intensity of the background region (SCRBmode < 0). The 
median SCR for stone twinkling was 37 times (16.5 dB) more intense than for B-mode (p < 
0.0001).  In 95% of the cases, SCRtwinkling was greater than its paired SCRBmode. Figure 4 
shows how the minimum, mean, and maximum values in Figure 3 for B-mode intensity and 
Doppler power would appear on an US system. 
Visual inspection of the US data and comparison to CT images revealed 131 frames 
having color Doppler signals originating from blood flow versus a stone.  A comparison of 
SCR between stone twinkle and blood flow is shown in Figure 5.  The median stone twinkle 
ratio (SCRtwinkling) was 3.5 times (5.5 dB) greater than blood flow (SCRBlood), (p = 0.088), with 
a 73% overlap in the distributions of SCRtwinkling and SCRBlood.  For these data, the Doppler 
signals for kidney stones and renal blood flow could appear similar, as illustrated in Figure 
6. In this example, the Doppler power is overlaid as green on the B-mode image. 
 
Discussion 
This research provides the first quantitative measure of contrast between kidney 
stones and background tissue on US B-mode and color Doppler mode in humans.  We 
demonstrated that stone twinkling provided greater contrast than B-mode in 95% of the 
cases, and the median SCR for stone twinkling was nearly 40 times greater than the 
median SCR for B-mode.  Our results also showed the contrast of the stone twinkling signal 
was, on average, greater than the contrast of the Doppler signal from blood flow.  This 
could be important for reducing potential false positives in stone identification.  Color 
































































































































































































































































































































suppress signals from slower moving tissue.  Our group has found growing evidence a 
major component of stone twinkling is the interaction of US with sub-micron bubbles on or 
within the stone.27  The interaction results in bubble oscillation, which is interpreted as 
motion by the Doppler processing.  These signals appear as higher velocity blood flow and 
are preserved in this processing, resulting in an increase in stone contrast (conspicuity) 
(Figure 3).  This study shows the power in the stone twinkling signal can be larger than that 
of blood flow.  In practice, the conspicuity of stone twinkling could be further enhanced 
using differences, such as the temporal fluctuations of the directional color Doppler 
signals, to further highlight the presence of a stone and prevent misinterpretation.      
This work employed a research US system that allowed control of both transmit 
and receive parameters and processing.  As such, B-mode was adjusted for stone 
detection. Conventional US systems are optimized to enhance subtle contrast differences 
of soft tissue.  As a result, high amplitude reflections from kidney stones are often 
compressed into the same grayscale range as that of lower amplitude reflections from 
surrounding tissue, resulting in a reduction of stone contrast. We have demonstrated that 
less compression can improve the B-mode contrast of stones to surrounding tissue while 
still enabling visualization of renal tissue and the collecting system (Figure 2).  Prior studies 
have demonstrated that this approach, along with omitting averaging processes such as 
speckle reduction and spatial compounding, potentially improves the B-mode detection 
and sizing of stones.26  Adjustments made with the research system to improve stone 
contrast on B-mode can be approximated with user controls on commercial machines. This 
includes reducing speckle averaging, reducing spatial compounding, reducing gain, and 
adjusting the dynamic range.  Some units permit the user to select among a choice of 
compression maps as well. Even with our enhancements to improve B-mode contrast 
though, we found that in approximately half the cases, the kidney stones appeared with 
similar contrast to or darker than surrounding tissue.  
Stone twinkling has demonstrated significant and consistent contrast of the stone 
to the background tissue, but a broad range of specificities and sensitivities have been 
reported over the years for the use of the TA to detect kidney stones.  This has limited the 
































































































































































































































































































































to variations in equipment performance, color Doppler implementations, radiologist 
interpretation, and system settings.  One adjustment that can be made to reduce 
variability and improve stone contrast is operating the probe at the lowest Doppler 
frequency available.  As stated above, the interaction of US with sub-micron bubbles on or 
within the stone is a potential source of stone twinkling.27  Bubble motion is excited more 
strongly by lower frequency. The use of lower color Doppler transmit frequencies (< 2 
MHz) is supported by the latest published TA results, and has become an option only on 
the newest generation probes and systems.18,30  To reduce confounding Doppler signals 
from blood flow, the highest depth-allowed PRF should also be used. 
This study has limitations. The low number of patients and use of a research system 
may limit the generalizability of our findings.  Stone twinkling was observed in only 54% of 
our subjects, in comparison to 68% to 98% of subjects reported with commercial 
systems.18,30  As this was a pilot study establishing baseline parameters, the study was not 
statistically powered a priori.  Post-hoc analysis showed the statistical comparison 
between SCRTwinkling and SCRBlood was under powered (40%).  Color Doppler was 
implemented with plane wave transmits. This reduces the incident pressure and likelihood 
of generating Doppler twinkling signals. In addition, an older generation curvilinear 
transducer, with limitations on the lowest Doppler frequency available, was used, again 
reducing our ability to generate twinkling signals.  Lastly, this is not a study of detection; 
subjects were known to have stones.   
Despite these limitations, we demonstrate an ability to quantify the signal contrast 
between stones and background tissue with Doppler twinkling.  This signal contrast was 
exceptionally strong, and consistent.  Our research-based US system also allows the 
unique opportunity to deconstruct the transmit and receive signals to optimize the 
contrast between stones and tissue.  By optimizing the inherent capabilities of US and 
understanding contrast differences between stones and other bright regions, US could be 


































































































































































































































































































































We demonstrated that the contrast of stones to the background tissue clutter was 
40 times greater for the Doppler twinkling signal than B-mode imaging. On average, stone 
contrast in B-mode was zero, or isoechoic with the surrounding tissue, whereas all stones 
displaying a twinkling signal had a positive contrast. Likewise, the stone twinkling contrast 
tended to be greater than the contrast from non-stone twinkling signals. This work 
provides the quantitative basis to improve the sensitivity and specificity of US to detect 
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Abbreviations and Acronyms 
 
BMI = body mass index 
B-mode = ultrasound brightness mode (gray scale) imaging 
dB = decibel 
CT = computed tomography 
IQ = in-phase and quadrature-phase 
log = logarithmic 
PRF = pulse repetition frequency 
ROI = region of interest 
SCR = signal to clutter ratio 
SD = standard deviation 
TA = twinkling artifact 


































































































































































































































































































































TABLE 1:  SUBJECT DEMOGRAPHICS 
 Mean ± SD 
n=32 
Age  52 ± 17 years 
Sex 
     Male (%) 




BMI 28.8 ± 6.1 
kg/m2 
Days between CT-US 37.6 ± 32.1
Stone Size  6.3 ± 3.5 mm  
(range 2-19 
mm) 



































































































































































































































































































































FIG. 1.  Illustrative flow chart for processing the US data. (A) Directional Doppler is overlaid 
on B-mode in the duplex image.  The duplex data are separated and presented as B-mode 
(figures B and D) and power Doppler (versus directional Doppler) (figures C and E).  The 
contrast is then measured for the B-mode and Doppler portions separately using the raw 
uncompressed data. Signal power within the stone (yellow ROI) is divided by the clutter 



































































































































































































































































































































FIG. 2.  Example of how visualization of the stone is impacted by compression in B-mode 
processing. In each image, the yellow arrow indicates the stone, and the magenta arrow 
indicates the clutter (brightest non-stone tissue signal in the kidney). (A) The B-mode 
values with higher amplitude must be compressed to be displayed in the 256 brightness 
levels of the monitor.  (B) Linear mapping has significant contrast between the stone and 
tissue, but the tissue signals are lost.  Traditionally, a logarithmic compression is used (C), 
whose curve is shown in blue of (A).   In this case, there are 23 grayscale levels between 
the stone brightness and the clutter brightness.  For our optimized B-mode imaging, we 
use a power compression (D), indicated by the orange line of (A). The power compression 
has more grayscale levels (54 levels) between the stone brightness and the clutter 
brightness than log compression. This allows greater separation of bright objects over 
more brightness levels. Power compression improves the stone to tissue contrast from 0.8 


































































































































































































































































































































FIG. 3.  Histogram of the SCR calculated from each frame of B-mode (pink) and Doppler 
stone twinkling (blue). The median SCR (stone to background tissue ratio) for stone twinkle 
power is 37.2 times (or 15.7 dB) greater than the mean SCR for the B-mode intensity (p < 



































































































































































































































































































































FIG. 4.  Pairs of B-mode intensity (left column) and stone twinkling power (right column) 
images to illustrate how the minimum, mean, and maximum SCRs would appear on an 
ultrasound image.  The yellow arrow shows the location of the stone and the magenta 
































































































































































































































































































































from the data for that dB ratio, and as such, do not correspond to the same stone.   For 
negative SCRBmode (a) the stone is darker than the clutter. B-mode (b) and stone twinkling 
(a) signals are equal (isoechoic) when dB = 0.  When twinkling is present, the stone is easily 



































































































































































































































































































































FIG. 5. Histogram of the SCR calculated from the color Doppler data for stone twinkle 
power (blue) and maximum renal blood flow (pink). The median Doppler power for stone 
is 3.5 times (or 5.5 dB) greater than the signal from blood flow (p = 0.088).  Post-hoc power 



































































































































































































































































































































FIG. 6. (a) Example of kidney stone twinkling with the Doppler power shown in green 
overlaid on the B-mode image.  (b) Example of blood flow with Doppler power shown in 
green overlaid on the B-mode image.  The blood flow could be misinterpreted as a kidney 
stone signal.   
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